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mass-spectral  results,  two  alternative  ex¬ 
planations  had  to  be  ruled  out.  Namely,  it 
was  possible  that  these  clusters  were  not 
stable  species  but  only  artifacts  of  the  mass 
spectrometry,  that  is,  these  tons  were  gen¬ 
erated  in  the  desorption-ionization  pro¬ 
cess.  In  contrast  to  positive  ion  or  laser 
desorption  analysis,  which  may  be  compli¬ 
cated  by  fragmentation  or  coalescence  of 
molecular  species,  previous  studies  of 
fullerenes  indicate  that  thermal  desorp¬ 
tion-negative  ion  analysis  is  much  less 
prone  to  these  artifacts  (7).  A  second 
possibility  was  that  these  were  not  pure 
carbon  molecules.  The  relative  ion  abun- 


The  odd-numbered  carbon  clusters  C119,  C129,  and  C139  have  been  observed  in  the  mass  dances  in  the  distribution  from  mass-to- 

spectra  of  toluene  extracts  of  fullerene  soots  and  of  the  products  of  ozone-futlerene  change  (m/z)  ratios  1428  to  1433  were 

reactions.Specifically,ozone-Ceoreact)onsyieldC118,ozone-C70reactionsyieldC139land  measured  to  be  identical  (within  experi- 
ozone-(Cao/C70)  reactions  produce  C1ie,  C128,  and  C139.  These  unexpected  species  mental  error)  to  those  calculated  for  Cu9 

correspond  to  dimers  of  C^,  and  C70,  respectively,  less  one  carbon  atom,  and  based  on  the  natural  ,3C  abundance  (see 

are  stable  gas-phase  ions  with  behavior  similar  to  that  of  fullerenes.  The  results  suggest  in set  of  Fig.  1).  Similar  results  were  ob- 

a  new  route  to  functionalization  and  derivatization  of  fullerenes  through  controlled  ozone-  tained  for  CI29  which  indicated  that  these 

catalyzed  cage-opening  reactions.  ions  correspond  to  odd-numbered  all-car- 

- . .  .  bon  species.  (The  abundance  of  C,]9, 

however,  was  too  low  to  allow  this  type  of 
analysis.)  Further  investigations  showed 

Numerous  studies  have  shown  that  there  A  typical  thermal  desorption-negative  that  the  presence  of  the  odd-numbered 

is  a  wide  variety  of  fullerene  chemical  ion  mass  spectrum  (6,  7)  of  a  toluene  carbon  clusters  is  not  affected  by  the  sol- 

reactions  (1).  For  example,  one  unusual  extract  (8)  of  a  commercial  soot  sample  vent,  as  they  are  also  observed  in  hexane 

aspect  of  fullerenes  is  their  ability  to  un-  (9)  is  shown  in  Fig.  1.  Although  not  and  benzene  extracts  of  fullerene-rich 

dergo  coalescence  reactions  that  result  in  shown,  C^-  and  C70  are  approximately  soot.  Careful  inspection  of  mass  spectra 

larger  fullerenes  (2-4).  Although  the  de-  103  to  l(r  times  more  abundant  than  the  (not  shown)  of  the  raw  (unextracted)  soot 

tails  of  these  reactions  vary,  in  all  cases  base  peak  in  this  spectrum.  As  expected,  revealed  very  low  abundances  of  these  ions 

observed  to  date  coalescence  apparently  the  abundances  of  fullerene  ions  (Cn~,  n  (—500  times  less  abundant  than  neighbor- 

was  caused  by  photon-induced  radiation  >  74)  generally  decrease  with  increasing  ing  even-n  C„).  This  observation  and  the 

damage  of  fullerenes,  and  in  all  cases  the  size,  with  anomalously  abundant  CM  and  analysis  of  the  soot  toluene  extract  (Fig.  1) 

reaction  products  had  even  numbers  of  C^.  However,  in  addition  to  the  even-  suggest  that  the  odd-numbered  clusters  are 

carbon  atoms.  numbered  carbon  clusters,  ions  are  ob-  more  soluble  than  the  comparably  sized 

In  a  recent  mass-spectral  investigation  served  corresponding  to  Cn9,  Cl29,  and  even-numbered  fullerenes.  In  addition, 

of  large  fullerenes,  we  detected  the  pres-  Cl39.  These  odd-numbered  carbon  clusters  the  use  of  ammonia  or  argon  instead  of 

ence  of  the  odd-numbered,  pure  carbon  were  detected  in  a  commercially  available,  methane  as  the  buffer  gas  in  the  analysis 

clusters  CII9,  CI29,  and  CI39  in  toluene  unchromatographed  mixture  of  fullerenes  yielded  similar  results,  indicating  that  the 

extracts  of  several  fullerene  soot  samples,  (9) ,  as  well  as  in  toluene  extracts  of  formation  of  odd-numbered  clusters  is  not 

which  we  speculated  to  be  the  products  vanous  fullerene  soots  (Polygon,  SES  (9),  due  to  the  buffer  gas. 
of  coalescence  of  two  C^'s,  a  CM  and  and  “homemade"  soot  (7)  produced  at  the  As  a  complement  to  the  negative  ion 

C7o  and  two  C70’s,  respectively.  These  Naval  Research  Laboratory).  analyses  described  above,  electron  ioniza- 

large,  odd-numbered  carbon  clusters  are  In  order  to  test  the  interpretation  of  the  tion  to  generate  positive  ions  of  thermally 

unexpected,  given  the  overwhelming  evi¬ 


dence  for  the  preferential  stability  of  large, 
even-numbered  carbon  clusters  (5).  Re¬ 
sults  from  a  subsequent  series  of  ozonolysis 
experiments  support  this  interpretation  and 
suggest  that  oxidation  plays  a  key  role  in 
the  production  of  these  unusual  species. 
These  results  have  implications  for  several 
important  issues  in  fullerene  chemistry,  in¬ 
cluding  chemical  reaction  mechanisms  and 
the  resulting  fullerene-based  products,  coa¬ 
lescence  of  fullerenes,  and  the  molecular 
structure  consideration  raised  by  the  exis¬ 
tence  of  odd-numbered  “fullerenes." 

S.  W.  McElvany,  J.  H.  Callahan,  M.  M  Ross.  Code 
61 13/Chemistry  Division,  Naval  Research  Laboratory, 
Washington.  DC  20375-6320 


Fig.  1.  Negative  ion  mass 
spectrum  of  a  toluene  ex¬ 
tract  of  graphitic  soot  with 
the  inset  showing  the  ex¬ 
panded  region  around 
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desorbed  species  was  also  used  to  rule  out 
possible  artifacts  due  to  the  ionization 
method.  A  comparison  of  negative  ion 
and  positive  ion  spectra  of  a  toluene  ex¬ 
tract,  showing  a  narrow  mass  range  be¬ 
tween  m/z  1350  and  1600,  is  shown  in  Fig. 
2.  As  expected,  whereas  the  negative  ion 
mass  spectrum  shows  almost  exclusively 
Cu9_  and  C129~  in  this  range,  the  posi¬ 
tive  ion  mass  spectrum  shows  extensive 
fragmentation.  Specifically,  lower  mass 
ions  corresponding  to  C  loss  (Cug+  and 
C128+)  and  subsequent  C2  losses  (Cu6+ 
and  C1M+  and  C,26+,  and  C1M+)  from 
C,19+  and  C129+,  respectively,  were  ob¬ 
served.  Attempts  to  confirm  these  frag¬ 
mentations  with  tandem  mass  spectrome¬ 
try  methods  were  unsuccessful,  indicating 
that  these  species  are  relatively  stable 
gas-phase  ions.  For  example,  no  fragment 
ions  could  be  observed  from  collision- 
induced  dissociation  (CID)  of  C,  19+  or 
C,19”  with  xenon  collision  gas  and  a 
collision  energy  of  200  eV  (laboratory 
frame;  —17  eV  center-of-mass) . 

In  an  attempt  to  detect  these  species 
with  different  ionization  methods  and  mass 
spectrometers,  COz  laser  desorption  on  a 
Fourier  transform  mass  spectrometer 
(FTMS)  was  used.  When  this  proved  un¬ 
successful,  a  wire  emitter  probe  similar  to 
that  used  with  the  quadrupole  instrument 
in  the  above  studies  was  constructed  for  use 
with  the  FTMS.  Negative  ions  of  C,I9  and 
C,29  were  observed  when  thermal  electron 
attachment  was  used,  in  addition  to  the 
usual  fullerene  ions.  Secondary  ion  mass 
spectrometry  showed  neither  positive  nor 
negative  ions  of  the  odd-numbered  carbon 
clusters  from  these  samples. 

It  is  logical  to  conclude  that  Cu9, 
C,29,  and  C,39  correspond  to  “dimers”  of 
Qo*  C^/Cjo,  and  C70  less  one  carbon 
atom,  respectively.  Although  loss  of  a 
carbon  atom  in  a  reaction  of  two  fullerenes 


is  thermodynamically  "expensive,"  if  oxy¬ 
gen  were  involved,  the  thermodynamical¬ 
ly  favorable  loss  of  CO  or  C02  could  drive 
this  reaction.  We  investigated  this  possi¬ 
bility  by  bubbling  ozone  through  toluene 
solutions  of  pure  C^,,  pure  C70,  and  a  1/1 
mixture  (by  weight)  of  pure  and  pure 
C70  in  toluene  for  up  to  20  hours  (iO). 
Figure  3  shows  results  of  negative  ion 
analysis  of  the  three  solutions,  each  ex¬ 
posed  to  ozone  for  1  hour.  (There  were  no 
visible  changes  observed  in  the  solutions 
following  ozone  exposure.)  The  mass  spec¬ 
trum  in  Fig.  3A  shows  that  the  ozone-  C-60 
reaction  yields  predominately  Cll9,  in  ad¬ 
dition  to  lower  abundances  of  Cng,  C,16, 
and  C,t4.  Figure  3B  shows  that  the  ozone- 
C70  reaction  yields  C139  and  lower  abun¬ 
dances  of  C138,  C136,  and  C,34.  The  reac¬ 
tion  of  the  C6O/C70  mixture  with  ozone 
yields  all  of  the  above  products  ions  in 
addition  to  the  most  abundant  product 
corresponding  to  C129,  with  lower  abun¬ 
dances  of  C128,  C126,  and  C124  (Fig.  3C). 
In  these  solutions  prior  to  ozone  exposure, 
the  odd-numbered  carbon  cluster  ions  ei¬ 
ther  were  not  detected  or  were  at  least  100 
times  less  abundant  than  in  the  ozone- 
exposed  samples.  The  relative  abundance 
of  the  odd-numbered  clusters  in  solution 
following  ozone  exposure  is  similar  to 
that  described  in  the  soot  extracts  in  Fig. 
1  (0.01  to  0.1%  of  Cgo).  These  prelimi¬ 
nary  studies  indicated  that  ozone  expo¬ 
sures  longer  than  1  hour  result  in  either 
no  increase  in  reaction  products  or  an 
overall  decrease  in  all  species.  It  is  im¬ 
portant  to  note  in  Fig.  3C  that  the  greater 
abundance  of  Cll9  relative  to  that  of 
C139  indicates  a  greater  reactivity  of 
than  C70.  This  result  is  consistent  with  a 
recent  report  that  fullerenes  in  solution 
are  oxidized  readily  upon  exposure  to 
ozone,  with  C-60  showing  a  greater  reactiv¬ 
ity  than  C70  (11). 


The  ozone  exposure  study  strongly  in¬ 
dicates  that  these  species  are  products  of 
fullerene-ozone  reactions  and  not  products 
of  the  desorption-ionization  process.  In  a 
further  test  of  this  hypothesis,  we  were 
able  to  form  CM9  also  by  exposure  of  a 
toluene  solution  of  C ^  and  benzil  to 
ultraviolet  radiation  (12),  a  procedure 
that  has  been  used  to  generate  large  quan¬ 
tities  of  C^O  (13).  It  should  be  noted, 
however,  that  the  graphite  arc  fullerene 
production  process  can  also  yield  these 
odd-numbered  carbon  clusters.  In  this 
case,  we  do  not  know  if  oxygen  is  involved 
in  the  production  of  these  species.  The 
reason  why  these  species  have  not  been 
observed  previously  may  be  that  laser  de¬ 
sorption  mass  spectrometry  is  most  often 
used  to  analyze  soot  extracts.  This  is  con¬ 
sistent  with  our  unsuccessful  COz  laser 
desorption  analyses  and  suggests  that  these 
species  are  unstable  under  laser-induced 
desorption-ionization  conditions. 

This  study  has  shown  that  certain  size, 
odd-numbered,  all-carbon  species  can  be 
formed  by  reaction  of  fullerenes  with 
ozone,  and  in  some  cases  during  fullerene 
soot  production.  It  is  interesting  to  note 
that  in  previous  studies  of  fullerene  coa¬ 
lescence  reactions,  only  even-numbered 
carbon  cluster  were  observed  (3-5).  The 
laser-induced  coalescence  of  in  vacu¬ 
um,  for  example,  yielded  a  distribution  of 
even-numbered  carbon  clusters  centered 
approximately  on  Cn8,  which  are  thought 
to  result  from  multiple  C,^  reactions  in 
which  small  even-numbered  carbon  frag¬ 
ments  can  be  gained  or  lost.  These  studies 
suggest  that  these  even-numbered  coales¬ 
cence  products  are  similar  in  structure 
to  fullerenes  because  of  the  measured  sta¬ 
bility  with  respect  to  collisions  (3)  and 
oxidative  ion-molecule  reactions  (4).  In 
this  study,  C,,9,  Cl29,  and  C,39  nominally 
correspond  to  the  combinations  of  C-60  + 


Fig.  2.  Comparison  of  a  negative  ion  mass  spectium  (A)  oi  toluene  extract  mass  spectrum  inat  contains  significant  fragmentation  corresponding 

showing  little  or  no  fragmentation  and  a  positive  ion  electron  ionization  to  loss  of  C  followed  by  C2  units 
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Qyj.  Cfto  +  or  C7P  +  CS9,  and  C70  + 
C69,  respectively.  The  stability  toward 
CID  and  the  C2-loss  fragmentation  (fol¬ 
lowing  an  initial  C  loss  to  yield  an  even- 
numbered  species)  from  the  positive  ions 
are  indicative  of  fullerene-like  structures. 
However,  the  structures  of  these  unex¬ 
pected  products  are  unknown. 

Although  it  might  be  thermodynami¬ 
cally  reasonable  for  an  oxidative  reaction 
of  two  CgQ  molecules  to  yield  C,  !9  (C^  + 
C59)  and  C02,  it  is  not  clear  how  and 
C59  might  bond  together.  Although  we 
were  not  able  to  determine  the  struc- 
tutes  of  C>||9,  C(29,  and  0|j9  tn  this 
work,  our  results  offer  strong  evidence  that 
they  originate  from  the  smaller  fullerenes 
CgQ  and  C70  and  thus  several  configura¬ 
tions  can  be  postulated.  One  possible 
scheme  for  attaching  C59  to  would 
join  the  three  nearest  neighbors  of  the 
“missing”  carbon  atom  in  the  C59  to  three 


atoms  (1,3,  and  5)  of  a  hexagonal  ring  on 
the  CgQ  with  sf>3  bonds.  Alternatively, 
large-scale  rearrangements  may  occur  fol¬ 
lowing  the  initial  reaction,  and,  for  exam¬ 
ple,  the  resultant  CII9  (and  C,1(j,  Cll6, 
and  so  forth)  may  not  resemble  two  bound 
C^'s  but  a  large,  single  coalescence  prod¬ 
uct.  Such  extensive  rearrangements  can 
be  favorable,  as  evidenced  by  the  coales¬ 
cence  of  large  monocyclic  carbon  species 
(C,a,  C24,  and  CK)  to  yield  fullerenes 

(14) . 

The  results  of  this  study  indicate  that 
ozone  exposure  of  and  C70  can  cause 
an  opening  of  the  fullerene  cage  and  a 
subsequent  reaction  with  another  C ^  or 
C70  to  yield  a  larger  carbon  cluster.  This 
result  seems  to  be  consistent  with  the 
observations  that  the  opening  of  fullerene 
nanotubes  requires  oxidative  conditions 

(15) ,  whereas  photo-induced  polymeriza¬ 
tion  of  CgQ,  in  which  the  balls  are  linked. 


does  not  occur  in  the  presence  of  air  (16). 
In  addition,  other  fullerene  coalescence 
and  irradiation  studies  may  not  have  yield¬ 
ed  these  odd-numbered  clusters  because 
of  the  lack  of  oxygen  (or  ozone)  or  these 
products  were  not  observed  due  to  the 
use  of  desorption-ionization  methods.  In 
any  case,  this  work  suggests  a  new  area  of 
fullerene  chemistry  through  ozone-cata¬ 
lyzed  reactions.  A  broad  range  of  fullerene 
derivatization  reactions  may  be  envisioned 
in  which  controlled  cage  opening  followed 
by  functionalization,  substitution,  or  en¬ 
capsulation  might  be  possible. 
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Fig.  3.  Negative  ion  mass  spectra  of  1-hour  ozone-exposed  solutions  containing  (A)  pure  Cg,,,  (B) 
pure  C70.  and  (C)  a  1/1  C^'C m  mixture  showing  Cn9.  C139  and  C,,B,  C)29  and  Ct39,  respectively. 
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